Direct measurement of the concentration of antibiotics in body fluids may be extremely helpful in the management of serious infections. The technique most commonly used for this purpose is bioassay by either agar-diffusion or broth dilution (5) . Major difficulties may be encountered when more than one antibiotic is present, and a variety of approaches have been devised to circumvent this problem (7) . In the course of other studies, we observed that various antibiotics display marked differences in filterability through nitrocellulose membranes. The purpose of the present paper is to describe these findings and to discuss the potential applicability of this phenomenon to the separation of certain antimicrobial agents from mixtures of small volume. We also report the results of efforts to exploit these observations in order to assay individual drugs in mixtures.
MATERIALS AND METHODS Filtration apparatus. A simple vacuum apparatus and conical collodion filtration bags (no. 100) were used (Bolab Corp., Derry, N.H.) (Fig. 1) . The bags were furnished suspended in 20% methanol and had a capacity of 8 ml and a pore size stated to retain substances of molecular weight 25,000 or greater. A polypropylene funnel (24-mm diameter) was placed beneath each membrane, and glass vials were inserted under the stem of the funnel for collection of filtrate.
Antibiotic solutions. Antibiotics (Table 1) were obtained as dry, sterile powders except for kanamycin and gentamicin sulfate, which were furnished as commercial solutions of 333 and 40 mg/ml, respectively.
Filtration studies. Solutions containing 10 to 100 gg of antibiotic per ml were prepared in normal saline or in fresh, pooled human serum. Additional investigations were carried out with oxacillin in KrebsRinger solution (pH 7.4), and in 0.5 M buffer solution of KH2 PO4-NA2HPO4 adjusted to pH 6.2 and 8.0. All experiments were conducted at room temperature. After a collodion bag had been immersed in sterile distilled water for 10 min, it was inserted in the plastic sleeve of the inner glass tube of the vacuum apparatus and swabbed dry with a sterile, cottontipped applicator. A sample (8 ml) of antibiotic-containing solution was introduced into the bag and stirred, after which 1 ml was removed for determination of the "initial bag concentration." With the collecting vial and funnel in place, a vacuum of 150 to 200 mm of Hg was applied. When 1 ml of filtrate had accumulated, the collecting vial was replaced with a new one, and this was repeated until three samples had been obtained. The collection of 1 ml of filtrate took 6 to 10 min with saline solutions, 15 to 30 min with serum. A fresh collodion bag was used for each experiment.
Elution studies were performed with collodion bags through which saline solutions of kanamycin and oxacillin, 10 and 50 Ag/ml, had been filtered. The bags were then charged with 8 filter paper disks (6.35-mm diameter) (Schleicher and Schuell, Keene, N.H.). These were placed on seeded agar plates which were incubated for 18 h at 37 C. The zone of inhibition of bacterial growth around each disk was then measured. The standard reference curves were prepared on semilogarithmic paper by plotting the mean zone of inhibition for each solution against its concentration. The specimens of unknown activity were studied simultaneously on the same agar plates and their antibiotic concentration was determined from the appropriate reference curve. The activity of the filtrates of serum was interpreted from the standards prepared in Krebs-Ringer solution.
Mixtures of antibiotics. Solutions containing kanamycin or gentamicin together with cephalothin or oxacillin, each in a concentration of 50 Mg/ml, were prepared in serum or saline. These were filtered as described above and the initial mixtures and filtrates were assayed for antibiotic content on TSA-S. aureus 209P. The following techniques were used to further distinguish the concentration of the individual agents: (i) a kanamycin-resistant system (Sarcina lutea in TSA) was used to measure the concentration of oxacillin or cephalothin; and (ii) beta-lactamase, prepared by the method of Stroy and Preston (12) , was added to a portion of the filtrate in a volume ratio of 1:9. One milliliter of this enzyme was able to neutralize the activity of 7,500 ,gg of cephalothin or a similar amount of oxacillin in 1 ml after 30 min at 37 C.
An attempt was also made to exploit the apparent differences in filterability of antibiotics to measure the concentration of individual members of a mixture with a single assay system. Solutions containing various pairs of antibiotics, each in a concentration of 50 Mg/ml, were prepared in serum or saline. These were filtered as described above. In some instances, an effort was made to enhance separation by refiltering a portion of the first milliliter of filtrate. The original mixture as well as the products of filtration were plated on TSA seeded with S. aureus 209P. The zones of inhibition produced by the various solutions were then compared as described below (see Table 8 and Results). The lower limit of sensitivity of the assay system was 1.6 to 3.1 gg/ml for kanamycin, gentamicin, and erythromycin, and 0.8 to 1.6 Mg/ml for cephalothin and oxacillin.
RESULTS
Filtration of single antibiotics. The results of studies of filtration of drugs in concentrations of 50 to 100 gg per ml of saline are presented in Table 3 . The antibiotic level of each milliliter of filtrate is expressed as a percentage of the "initial bag concentration." As summarized in Table 4 , the aminoglycosides and carbenicillin Oxacillin was studied at levels of 10 and 50 ,g of saline per ml. The percentage filtered in the first milliliter was very low at either concentration, but by the third milliliter was 21% for the 50 and only 6% for the 10 ug/ml solution. In contrast to the effect of concentration on the filtration of oxacillin, no difference was noted when solutions in saline, Krebs-Ringer, and phosphate buffer (pH 6.2 and 8.0) were compared.
The percentage of oxacillin, cephalothin, and cephaloridine filtered from a serum solution was lower than when these drugs were dissolved in saline. The opposite was true for kanamycin and gentamicin (Table 5) .
Antibiotic could be eluted from membranes which had been thoroughly rinsed after filtration of oxacillin or kanamycin. The range of concentrations of drug retrieved in the first 3 ml of eluate after filtration of different solutions is shown in Table 6 .
In contrast to the findings with collodion membranes, no loss of activity could be demonstrated when non-nitrated cellulose strips were immersed in solutions of cephalothin or oxacillin in serum or Krebs-Ringer solution.
Mixtures of antibiotics. The results of filtration of mixtures of antibiotics are exemplified by the data shown in Table 7 . The use of beta-lactamase permitted determination of the concentration of aminoglycoside, whereas the kanamycin-insensitive assay (Sarcina lutea in TSA) measured oxacillin and cephalothin. With mixture 3, the activity of the second and third milliliters of filtrate was considered to be due to cephalothin since the zone size of these specimens was markedly reduced by beta-lactamase. These data indicated that the filtration characteristics of the antibiotics in mixtures were the same as those displayed by the various drugs studied singly. Thus kanamycin and gentamicin were highly passed in contrast to cephalothin and oxacillin.
Initially it was hoped that the phenomenon of selective filtration would make it possible to on June 20, 2017 by guest http://aac.asm.org/ Downloaded from assay the individual members of certain mixtures with the use of only one test organism. It became clear, however, that the incomplete selectivity of the filtration process made it difficult to ascertain which member of a mixture was responsible for the activity of the filtrate. This was particularly so because the assay system (TSA and S. aureus 209P) was much more sensitive to the weakly passed penicillins and cephalosporins than to the highly passed aminoglycosides.
To circumvent these problems, an indirect method was used for the assay of certain mixtures containing a highly passed (X) and weakly passed (Y) antibiotic by using a single bioassay system which was sensitive to both agents ( Table 8 ). The underlying presumptions were as follows: (i) filtration through a collodion membrane will markedly reduce the activity of Y, but not of X; (ii) successive filtrates of a solution containing Y will demonstrate increasing concentrations of this agent; and (iii) refiltration of a portion of filtrate will sharply reduce Y.
This approach, as outlined in Table 8 , was applied to mixtures containing cephalothin with gentamicin, cephalothin with kanamycin, oxacillin with kanamycin, and erythromycin with kanamycin, each in an initial concentration of 50 gg/ml. The bioassay used was TSA with S. aureus 209P. The results were accurate (± 10%) for each member of the mixtures with two exceptions: oxacillin and erythromycin could not be measured directly since their activity in the assay system happened to be similar to that of kanamycin (i.e., A, = AO; see Table 8 ). 
DISCUSSION
The present study demonstrates striking differences in the filterability of various antibiotics through collodion membranes. The most weakly passed agents also exhibit the greatest loss of activity on simple exposure to the membranes, and elution studies suggest that this may be due to adsorption. The findings cannot be accounted for by differences in molecular weight of the antibiotics nor by the pore size of the membranes, which is greatly in excess of that which would be expected to hinder passage of the drugs examined. The possibility may be raised that these phenomena are due to the known ability of collodion membranes to restrain and absorb anions (3) . This, however, would not explain the marked differences in filterability among the various penicillins nor the fact that certain cationic agents, such as erythromycin, polymyxin B, and tetracycline, were also very weakly passed.
Cellulose and collodion membranes, being very porous, become saturated with solvent and thus transformed into water barriers. It is thought that the movement of solutes through such membranes occurs chiefly by diffusion through water, rather than by bulk filtration (10) . It is interesting to note that those penicillins which were highly passed in the present studies (carbenicillin and ampicillin) are considerably more hydrophilic than those which were weakly passed (penicillin G and oxacillin) (2) . Thus, diffusibility in water, rather than physicochemical interaction with nitrated cellulose, may be the major determinant of filterability.
With the possible exceptions of lincomycin, cephalothin, and cephaloridine, there appears to be a striking similarity between the filterability of the antibiotics studied here and their hemodialyzability (1) , a resemblance which extends even to the observed disparities among the penicillin congeners. This lends further support to the hypothesis that diffusibility in water is the most important characteristic affecting the passage of antibiotics through cellulose membranes.
The use of serum, rather than saline, as diluent appeared to exaggerate the filtration characteristics of the various agents. Thus oxacillin, cephalothin, and cephaloridine were filtered less readily from serum than from saline, whereas the reverse occurred with kanamycin and gentamicin. In addition, adsorption of oxacillin and cephalothin was less from serum than from saline. These observations may be explained in part by (i) a restrictive effect imposed on the processes of adsorption VOL. 4, 1973 (4) , but this requires a separate system for each combination of drugs, and a bank of microorganisms is not generally available for this purpose. Beta-lactamases which destroy penicillins and cephalosporins are frequently used in this situation (9, 12) . Other techniques involve the inactivation of cephalothin by ultraviolet light (9), streptomycin by semicarbazide, and erythromycin by acid (7) . Selective solubility, chromatography, density gradient columns, counter-current distribution, and agar diffusion are helpful in the separation of antibiotics on a commercial scale (7, 8) but are not well suited to clinical situations. A recently described assay for aminoglycosides may offer a new approach to the problem (11) .
We attempted to exploit the differences in filterability of antibiotics to develop a simple method for the assay of mixtures of antimicrobial agents. The use of a single bioassay system was based on the assumption that the zone of inhibition was due to the agent which diffused furthest from the disk at an inhibitory concentration (9) . The results of these studies indicate that the technique is feasible, but only in highly selected circumstances. Its chief deficit lies in the fact that some passage may occur even of a highly impeded drug. Thus it becomes necessary to resort to a set of inferences for interpretation of the results (Table 8 ). In mixtures containing a penicillin or cephalosporin, filtration offers no advantage over the use of beta-lactamase. Furthermore, the technique is not applicable to agents of a similar degree of filterability. Finally, although we did not study the effects of varying the concentrations of antibiotics in the mixtures, it is apparent that an unfavorable ratio could exaggerate the deficiences of the separation technique.
In view of these considerations, the use of collodion membranes for the assay of antibiotics in mixtures appears to be of very limited clinical applicability, although it could prove helpful in separating agents such as erythromycin or tetracycline from a combination containing a highly passed antibiotic. If membranes with different specificities and a higher degree of discrimination could be developed, however, they might provide a simple and useful method for the assay of mixtures of antibiotics in small volumes.
